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We show how one could determine the neutrino mass hierarchy with Mossbauer neutrinos and also revisit the 
question of whether the hierarchy can be determined with reactor neutrinos. 

1. Mossbauer Neutrinos 



The term Mossbauer Neutrinos refers to a 
source-detector combination where there is no re- 
coil in the production and absorption of the neu- 
trino so that the neutrinos have resonant energy 
thereby enhancing the capture cross section by 
approximately 10 orders of magnitude! 
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Such a source-detector combination would be 
wonderful for neutrino physics if it could be prac- 
tically realized, see [I] . Here we address the ques- 
tion of whether such a system could be used to 
determine the neutrino mass hierarchy. 

2. i/g Disappearance Probability 

The vacuum survival probability using 
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hand for the kinematical phase, can be written 
without any approximation as 
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Figure 1. The antineutrino survival probability 
P{Pe f'e) is plotted as a function of L for the 
18.6 keV Mossbauer Neutrinos for both the nor- 
mal (blue) and inverted (red) hierarchies. The 
advancement/retardation in the phase of the at- 
mospheric oscillation is clearly visible beyond the 
first solar oscillation minimum. Here the quan- 



The first term gives the contribution from the 
solar Ato^ whereas the last two terms are the con- 
tributions from the two atmospheric Am^s. This 
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Figure 2. Plotted are the expected number of 
events to be collected by detectors placed at the 
distances 340, 345, 350, 355 and 360 m from the 
source for Am^^ = 2.5 x 10~^ eV^ and sin^ 2013 — 
0.1 for the normal hierarchy, indicated by solid 
circles with error bars. 

atmospheric contribution consists of two waves 
with slightly different frequencies which leads to 

• a modulation of the amplitude of the 
atmospheric oscillations by the factor 
Vl - sin^ 26*12 sin^ A21 

• and an advancement (retardation) of 
the phase of the atmospheric oscillation 
by 2tt sin^ 6*12 for every solar oscillation 
(A21 A21 + tt) assuming the normal (in- 
verted) hierarchy. 

The easiest way to see these two effects is to 
combine the two atmospheric oscillation terms 
into a single term as follows: 

2 [cos^ 6*12 sin^ A31 + sin^ 6I12 sin^ A32] = (1) 

1 - \/l - sin^ 26*12 sin^ A21 cos(2Aec ± 0©) 

where the argument of the new cosine term, 
(2Aco±0o), has been separated into a linear term 



in L/E, 2Aee = Aml^L/2E, and the remainder, 
±(/)0, whose derivative wrt L/E vanish at L/E=0. 

The Am^ associated with the linear term, 
2Aee, is given by 

AmL = cl^\Aml^\ + sl^l^ml^l (2) 

2 / 2 2,2 2m 

= |m3 - (C12TO1 + Si2m2)| 

and is the electron flavor weighted average of 
lArrigil and IATO32I. Arrigg is the atmospheric 
Am^ measured by a electron neutrino disappear- 
ance experiment in the first few oscillations from 
the source. 

The ±(/)0 contains everything else, with the 
positive (negative) sign for the normal (inverted) 
hierarchies, and only depends on the solar Am^ 
as follows 

(f)Q = arctan(cos 2012 tan A21) — A2icos20i2. (3) 

(j)Q is a monotonically increasing function of A21 
and changes by 2n sin^ 612 for every tt that A21 in- 
creases, i.e. (/)0(A2i-l-7r) = 00(A2i)-l-27rsin^ 6*12. 

It is this advancement or retardation of the 
phase of the atmospheric oscillation which can 
exploited to determine the mass hierarchy us- 
ing only the Ve vacuum disappearance channel. 
Thus, the strategy is as follows: to make a pre- 
cise determination of the atmospheric Am? near 
the first few atmospheric oscillation and then to 
go out beyond the first solar minimum and de- 
termine the phase of the atmospheric oscillation 
at the point where the atmospheric oscillations 
from normal and inverted hierarchy scenarios are 
close to 180 degrees out of phase, see Figures [1] 
and [21 Since this point is 20 atmospheric oscil- 
lation from the source the precise determination 
of the Am? (better than 1%) near the source is 
required so that one can determine whether the 
measured phase is associated with the normal or 
inverted hierarchy. Also the L /E of the events is 
required to be determined by better than 1% or 
otherwise the atmospheric oscillations are aver- 
aged out. For an ultra- monochromatic neutrino 
source like Mossbauer Neutrinos this is not a very 
stringent requirement provided that the source 
and detector are relatively compact. Figure [3] 
gives the sensitivity to determining the mass hi- 
erarchy assuming a certain number of events per 
detector as discussed in 0. 




Figure 3. The region of sensitivity to resolv- 
ing the mass hierarchy in sin^ 2^13— event num- 
ber (per detector) space. The black solid, the red 
dashed, and the blue dotted curves denote the re- 
gion boundary at 90%, 95%, and 99% CL, respec- 
tively. The uncorrelated systematic uncertainties 
are assumed to be of 0.2%. 



We now turn to the question of whether reac- 
tor neutrinos can be used to determine the neu- 
trino mass hierarchy using the difference in the 
disappearance probability for the normal and in- 
verted hierarchies. This issue has been discussed 
in some detail in a recent paper with respect to 
the Hanohano experiment, see In Fig. [4] we 
have plotted the percentage difference in the dis- 
appearance probability assuming 



Aml^ilH) = 1.008 X Aml^{NH) 



(4) 



with this choice the difference between the two 
hierarchies is minimized in the energy window 2- 
8 MeV accessible with reactors. If we know the 
energy of the neutrinos exactly, Eobs = Etme, 
then the difference between the two hierarchies is 
approximately 1%. 

However, if the measured neutrino energy dif- 
fers from the true energy by a small amount, say 



Figure 4. The percentage difference between the 
inverted hierarchy and the normal hierarchy. The 
blue curve is assuming Eobs = Etme and max- 
imum difference is less than 2%. Whereas for 
the red curve we have assumed that Eobs = 
l.QlbEtrue - 0.07 MeV for the IH, so as to repre- 
sent a relative calibration uncertainty in the neu- 
trino energy. Here the maximum percentage dif- 
ference is less than 0.5%. 



then the difference between the inverted hierarchy 
oscillation probability using Eobs and the normal 
hierarchy with Etme can be considerable smaller 
than 1%. Thus, the requirements for determining 
the neutrino mass hierarchy with reactor neutri- 
nos are very stringent. 

I wish to thank the organizers of NOW 2008, 
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ulating atmosphere. 
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